The work presented herein aims at characterizing and modeling fracturing (i.e., initiation and propagation of cracks) in a clay-rich rock. The analysis is based on two experimental campaigns. The first one relies on a probabilistic analysis of crack initiation considering Brazilian and three-point flexural tests. The second one involves digital image correlation to characterize crack propagation. A nonlocal damage model based on stress regularization is used for the simulations. Two thresholds both based on regularized stress fields are considered. They are determined from the experimental campaigns performed on Lower Watrous rock. The results obtained with the proposed approach are favorably compared with the experimental results.
Introduction
The characterization and modeling of damage and cracking in quasi-brittle materials such as concrete and rocks is of great interest in different engineering applications such as deep geothermal energy production, CO 2 geological storage, nuclear waste underground disposal or for unconventional oil and gas production. Such applications require an accurate description of fracturing of geological formations to characterize structure stability and rock strength (Funatsu et al. 2004) . Furthermore, characterizing rock fracturing can also be a key issue to evaluate induced changes in flow properties (Baghbanan and Lanru 2007; Jobmann et al. 2010 ) such as permeability and fracturinginduced leakage or pressure modification. Damage, cracking and rock fracturing are based on two key phenomena, namely crack initiation and propagation. The description of crack propagation in quasi-brittle materials remains a challenging task despite important efforts carried during past decades. In numerical simulations with standard (i.e., local) softening damage models the strain field localizes in a band with a thickness of one element (Pietruszczak and Mróz 1981) . The results exhibit a pathological dependence on the spatial discretization, namely the mesh fineness and the orientation of elements. As an extreme case, it can be shown that for a very fine discretization the predicted fracture energy approaches zero (Pietruszczak and Mróz 1981; Bažant and Belytschko 1985) , which is unrealistic from a physical point of view. The loss of ellipticity of the equations describing the mechanical problem has been identified as the corresponding mathematical issue (Triantafyllidis and Aifantis 1986; Lasry and Belytschko 1988; De Borst et al. 1993) . Different regularization schemes have been proposed to avoid the ill-posedness of the mathematical description at a certain level of accumulated damage. Nonlocal damage models (Pijaudier-Cabot and Bažant 1987; Bažant and Pijaudier-Cabot 1988) provide a suitable framework to have mesh objective results when dealing with the postlocalized behavior. Higher-order strain (Peerlings et al. 1998; Lorentz and Benallal 2005) , stress (Guy 2010; Guy et al. 2012) or damage (Lyakhovsky et al. 2011) gradients are used to include a nonlocal effect, thus removing the sensitivity of the model to spatial discretization.
Moreover, geomaterials commonly exhibit large scatter on their mechanical parameters because of their natural components. Regarding clay-rich rocks, this heterogeneity may come from the variability of the mineral composition of the rock, e.g., the clay content or the presence of flaws. Crack initiation in rocks usually has a random character with a scatter in initiation stress. The effect of this randomness on the cracking probability needs to be taken into account in both material behavior characterization and modeling (Guy et al. 2010 ). This heterogeneity can be evaluated experimentally considering a relevant number of specimens, performing systematic failure tests and using an appropriate approach to analyze the results such as the methods proposed by Weibull (1939) , and completed by the work of Beremin (1983) and Da Silva et al. (2004) . Furthermore, the experimental identification of parameters describing crack propagation in quasi-brittle and heterogeneous material leads to specific challenges because of their brittleness. Several specific experimental procedures have been developed (Zuo et al. 2014 ) such as straight edge cracked round bar bend (SECRBB; Bush 1976) or chevron bend (CB; Ouchterlony 1988) tests. Another test allowing a rock specimen to be pre-cracked without leading to brittle failure is the so-called sandwiched beam (SB; Pancheri et al. 1998 ] configuration. With this method, crack propagation is controlled and therefore quantified before encountering specimen failure.
A complete study of rock fracturing from laboratory test to numerical modeling is presented in this paper. It is based on original experimental results and new validations of the numerical model introduced by the present authors. The latter is a nonlocal damage model using two thresholds based on a regularized stress field (Guy et al. 2012) . Each threshold is associated with a cracking regime. Crack initiation is characterized through a probabilistic analysis based on three-point flexural and Brazilian tests. Crack propagation is analyzed through SB tests with digital image correlation . In order to evaluate the relevance of the results obtained with the numerical model, the tests are simulated using the identified parameters.
Probabilistic Nonlocal Model for Rock Fracturing
The heterogeneity in rocks is always at the origin of the scatter observed in the measured failure stress of samples (Baecher and Einstein 1981) . The rock mass heterogeneity will be described by the presence of defects with a random distribution. The scatter of failure stress for rocks is explained by the presence of microcracks (i.e., initial defects) that are at the origin of crack initiation, causing its subsequent failure. A probabilistic model based on a Poisson point process is used to describe this random character by relating the material microstructure and its macroscopic behavior. In the present work a probabilistic nonlocal model (Guy 2010; Guy et al. 2012 ) is used to study possible cracking of the rock mass due to stress changes. Two different thresholds are considered for crack initiation and propagation. A damage threshold based on the Weibull (1939) model is used to account for the stochastic nature of crack initiation(s) and then a fracture-mechanics-based threshold to model crack propagation. Both thresholds are probed by using a regularized stress field to avoid mesh dependency and localization phenomena. The regularization operation is performed over a characteristic length c that must be long enough with respect to the size of the elements in the zone of interest. In the present case, it is proposed to choose the characteristic length equal to the largest defect size. This choice provides a crack initiation threshold greater than or equal to the crack growth threshold. The characteristic length thus stands for a microstructural parameter that is the size of the largest initial crack modeled as a defect. The bigger cracks can be modeled as a set of completely damaged elements. The regularization operator reads where is the regularized stress tensor and the Cauchy stress tensor. The vector n is normal to a surface where natural boundary conditions are considered. The used procedure is similar to the implicit gradient enhanced scheme proposed by Peerlings et al. (1998 Peerlings et al. ( , 2001 . Let us consider the case of crack initiation under tensile stresses, i.e., in mode I. In this setting, the initiation of new macrocracks follows the weakest link assumption and a Weibull model can explain the scatter of the experimental results. An initiation probability P i (el) ∈ [0;1] calculated from a uniform distribution is assigned to each sub-domain (i.e., each element). An initiation stress is then calculated for each sub-domain from an inverse Weibull law where V el is the volume of the considered element, m the Weibull modulus, and m 0 0 the scale parameter. A crack will initiate in the considered element if the regularized maximum principal stress reaches S i (el) . The initiated macrocracks are assumed to be perpendicular to the regularized maximum principal stress direction. For a given characteristic length, a nominal stress is defined as which is useful to obtain an estimation of the stress state associated with crack initiation. It corresponds to the necessary loading leading to initiate a crack in a loaded element of volume
operator provides a regularized stress field in the vicinity of the crack tip corresponding to Westergaard asymptotic solution. The present procedure allows the stress intensity factor to be calculated without any mesh refinement for a propagating crack. Therefore, a direct transition from a damage-mechanics-based model for crack initiation to a fracturemechanics-based model for crack propagation is provided. In addition, both models use the same variable, i.e., the regularized stress. In this framework the crack propagation threshold reads where K c is the fracture toughness of the rock and the Gamma function. For a mode I crack, the above-mentioned criterion tends to a fracture mechanics threshold for an open crack when the characteristic length c becomes small compared with the macroscopic scale. It is to be noted that the introduced criterion accounts for mixed-mode propagation where K I and K II stand for the mode I and II stress intensity factors, respectively. A perfectly brittle behavior of an isotropic material is considered as a local damage law. The Helmholtz state potential thus reads where  is Hooke's tensor of the virgin material, the mass density, the infinitesimal strain tensor, and d the damage variable. From the state potential, the stress-strain relationship is obtained
In this framework the non-damaged medium is considered as having a linear elastic behavior, which is a simplifying assumption as viscosity may influence both long-term relaxation and short-term dissipation, thereby stabilizing dissipation and damage growth especially for unstable crack propagation (Lyakhovsky et al. 2011) . These effects are not considered herein for the sake of simplicity since the study focuses on stable crack propagation under mechanical loadings that do not involve significant strain due to long-term relaxation. The thermodynamic force associated with the damage variable d is defined as
Damage growth is written as
where H e denotes the Heaviside step function, I the maximum principal regularized stress, S i and S g the initiation and propagation thresholds. The crack initiation criterion is introduced considering that a crack initiation stress is associated with each initial defect. The initial defects greater than 2 c cannot be considered in this way. Let us consider a domain with a critical defect of half-length a. Assuming that the characteristic length is greater than a leads to A characteristic length greater than the size of the largest initial defect provides a crack initiation threshold greater than the propagation threshold. The characteristic length corresponds to a microstructural parameter that is the size of the largest initial crack modeled as a defect. Initial cracks of size larger than 2 c can be modeled as a set of completely damaged elements.
Characterization of Rock Fracturing
In this section, the consistency of both experimental and numerical results provided by the model presented in Sect. 2 is checked. The initiation threshold is studied first through Brazilian test simulation. In order to validate the crack propagation threshold, crack propagation in a numerical sample is simulated with boundary conditions corresponding to a sandwiched beam test. In each simulation, the characteristics used to describe the studied rock are issued from an experimental campaign.
The study is performed on rock samples from the Weyburn site (Canada). The latter is considered as a demonstration site for CO 2 storage (Preston et al. 2005) . The International Energy Agency Green House Gas (IEAGHG) Weyburn-Midale CO 2 storage and monitoring project was designed to assess the technical feasibility of CO 2 geological storage at large scale. The Weyburn and Midale oil fields are located near Midale in Saskatchewan State. Various enhanced oil recovery (EOR) techniques were used before the introduction of CO 2 for EOR in 2000. The rock samples were extracted from a depth of 1300 m. They are located in a particular geological layer called Lower Watrous. Lower Watrous is considered as a potential caprock for CO 2 storage in the Weyburn site.
The studied rock has a complex lithology. It is a clayrich rock with embedded grains that are mostly made of the lutites size (i.e., a diameter less than 62.5 μm (Le Nindre and Gauss 2004) . The samples have a diameter of 86 mm for a length of 2.0-2.4 times their diameter (Fig. 1) . Even if the studied rock has a fine microstructure, it contains mineral inclusions (made of quartz). Their diameter can reach few tenths of millimeters (Fig. 1) .
The microstructure is shown in Fig. 2 . It is made of clastic and granitic grains embedded in a clay-dolomitic matrix as shown in Fig. 2a . The samples also contain quartz inclusions at a higher scale; a part of an inclusion is shown in Fig. 2b . Two different scales can thus be distinguished, namely the scale of the clay matrix and that of quartz inclusions, which provide a heterogeneity at a larger scale. The material has a random porosity. The average volume fraction is 4 % (Le Nindre and Gauss 2004) .
The Young's modulus and Poisson's ratio are identified via compressive tests shown in Fig. 3a . The blue lines in sub- Fig. 3b , c represent the changes in axial and radial strains measured using strain gauges under an evolving axial stress, respectively. The slope of the black line in Fig. 3b is used to calculate the Young's modulus, and the slope of the black line in Fig. 3c to evaluate the Poisson's ratio. The identified Young's modulus is equal to 16 GPa, and the Poisson's ratio is equal to 0.15. As it can be seen in Fig. 3b , it can be considered that the studied rock, as other geomaterials, exhibits a brittle behavior under unconfined compressive loading.
Crack Initiation
In this section, the behavior of the studied rock in terms of crack initiation in mode I is first characterized considering a Weibull model. A two-parameter Weibull model is selected to describe the behavior of the rock samples at failure. The Weibull parameters are determined using three-point flexural and Brazilian tests, thereby providing two different scales of effective volumes. Then, the ability of the numerical model to properly describe crack initiation is studied by modeling Brazilian tests.
Identification of Weibull Parameters
The Weibull parameters are identified through an experimental campaign based on three-point flexural and Brazilian tests. The identification method (Da Silva et al. 2004 ) is such that it allows results issued from the two types of tests to be considered at the same time. Thirty three-point flexural tests and 34 Brazilian tests were performed. For the threepoint flexural tests the sample dimensions are h ≈ 18.75 mm , b ≈ 18.75 mm and L = 75.0 mm . For the Brazilian tests, the sample radius is R ≈ 43 mm and its length is L ≈ 80 mm . For each broken sample, a maximum principal stress f is calculated from the actual sample dimensions and load to failure. In order to identify only one set of Weibull parameters that suits both series of tests, a Weibull stress (Beremin 1983; Da Silva et al. 2004 ) is introduced for each broken sample where H is the stress heterogeneity factor, and V the sample volume that are equal to H br and V br for the Brazilian tests and to H fl and V fl for the three-point flexural tests. Therefore, the Weibull parameters, m the Weibull modulus and m 0 ∕ 0 the scale parameter, can be deduced from the Weibull stresses in ascending order wi . The linear regression method can be used to identify the parameters as it is relevant when few experimental data are available (Gosh 1999; Wu et al. 2006 ). The principle is to assign to each Weibull stress wi a failure probability P Fi such that where n s is the total number of samples. It can be deduced from the Weibull model that Fig. 4 . The identified Weibull modulus is m = 6.0 , which corresponds to a clearly heterogeneous material; it is in the typical range of values for rocks (i.e., 3 ≤ m ≤ 9 ). As it can be seen in Fig. 4 , there is a good agreement between experimental data and the model. It is to be noted that the use of a two-parameter Weibull model leads to a conservative estimation of failure probability for the lowest stresses as no threshold is considered.
Validation of Initiation Modeling
In order to validate the initiation threshold, numerical modeling of Brazilian tests is performed. The rock samples are modeled in a 2D setting under plane strain hypothesis by disks that have a radius of R = 43 mm . The rock parameters are those identified previously. For the computation of the initiation threshold the element volume is required. In the present case the length of the specimens L = 85 mm is considered as the thickness of the element. The Weibull modulus is m = 6.0 and the scale parameter is
35 Pa m m 3 . The characteristic length is considered as c = 2 mm to be small enough to allow for a relevant description of the stress state in the numerical specimen with the regularized stress. A characteristic length of c = 2 mm implies that initial cracks (i.e., initial defects) are smaller than 4 mm, which is a reasonable hypothesis. The nominal initiation stress is Fig. 5 . The displacements are zero on the bottom of the structure. For the highest point, the horizontal displacements are zero and a vertical force is applied. The mesh is shown in Fig. 5a . In Fig. 5b the initiation thresholds obtained for each element of one numerical sample are mapped. The initiation threshold for each element is obtained considering its size and following a random selection of an initiation probability from a uniform distribution using Eq. (2). This procedure results in a scattered map ranging from 3.6 MPa to 40 MPa . Only the lowest initiation thresholds have an influence on the results as the potential initiation sites. In the simulations performed with Code_Aster (2010) , the regularized stress field tends to lead to crack initiation in the middle of the specimen, which is consistent with experimental observations. The theoretical failure probability reads
One hundred simulations were performed to obtain one hundred Weibull stresses wi . For each Weibull stress i a failure probability is defined P Fi = i∕(n + 1) . The results of numerical simulations, analytical model [Eq. (14) ] and experiments are plotted in Fig. 6 . The results provided by the three approaches are consistent. Only small differences are observed for low probabilities. This difference is due to the cutoff of the lowest part of the Weibull distribution associated with initial defects due to the consistency condition [Eq. (10)]. In the present case, the consistency condition leads to the hypothesis that initial cracks are smaller than 4 mm. It appears that for low probabilities the numerical model 
Crack Propagation
The toughness describes the material ability to resist crack propagation. In linear elastic fracture mechanics, the fracture toughness is usually compared to stress intensity factors to predict crack propagation. The material toughness can be identified from three-point flexural tests performed on notched specimens even if in this context crack propagation is unstable for brittle materials. An analytical solution can be used to link the failure load with the material toughness and the notch length (Murakami 1987) . Pre-cracking can be performed with sandwiched beam tests that allow for stable crack propagation (Srawley 1976; Nose and Fuji 1988; Lawn 1993) . Digital image correlation (DIC) (Sutton et al. 2009; Hild and Roux 2006 ) is an experimental method that allows displacement fields to be measured and that can be used for detecting and quantifying crack initiation and propagation . Specific DIC features have been developed in order to calculate stress intensity factors (Forquin et al. 2004; Roux and Hild 2006 ). They will be used hereafter. The material toughness is measured with a twostep experimental campaign consisting of first pre-cracking the sample (here with an SB configuration) and then loading the pre-cracked sample in three-point flexure up to failure.
Image-Based Identification of Fracture Toughness
The failure of a brittle material tends to be very sudden because it commonly results from unstable crack propagation. Several methods exist to perform sample pre-cracking (Nose and Fuji 1988; Lawn 1993) . One solution is to load the specimen in such a way that crack initiation and stable propagation are possible [e.g., sandwiched beam (SB) test (Pancheri et al. 1998) ]. The SB test uses three beams, namely the central beam to be pre-cracked and two identical beams made of a more rigid material as shown in Fig. 7 .
In the present study, the lower and upper beams are made of aluminum alloy and have a Young's modulus of 70 GPa. Each beam has a thickness of 18.75 mm; the central beam has a height of 18.75 mm, and the lower and upper ones a height of 20.00 mm. All the beams have a length of more than 75.0 mm. Crack initiation and location can be detected with the use of DIC (Fig. 8) . In the present case, a global DIC code with Q4 quadrilaterals is utilized (Besnard et al. 2006) . From the measured displacement field, the mean infinitesimal strains per element are computed. The maximum eigen strain field exhibits a very localized region corresponding to the presence of a crack.
At this stage of the experimental process, the material arrest toughness can be deduced from the measured displacement fields under the assumption that the crack is propagating. After sample pre-cracking, Fig. 6 Modified Weibull diagram a and failure probability P F as functions of the Weibull stress w b for the numerical, analytical and experimental approaches Fig. 7 Sandwiched beam test in which the rock sample is loaded with the two aluminum alloy beams three-point flexural tests are performed for toughness identification with the use of DIC. Figure 9 shows the results for sample no. 2 in three-point flexure for an applied load of F = 350 N . The horizontal displacement field is shown after rigid body translation removal. The crack tip location used for the post-processing step is plotted in white. The area in black is used for the post-processing based on a comparison between measured displacement field and Williams' series of the displacement field close to the singularity .
The stress intensity factor is estimated for different loading levels in order to obtain a better estimation of the fracture toughness as shown in Fig. 10 . Knowing the failure load F c = 368 N for the considered sample, the fracture toughness is estimated by linearly extrapolating the stress intensity factor with the applied load. For the present test a fracture toughness of 1.04 MPa √ m is obtained. Five samples (no. 1-5) have led to fracture toughness identification for both steps of the experimental campaign. The results are summarized in Table 1 . It is worth noting that the residual error in terms of displacement given for the identification corresponding to the maximum load is low compared with the displacement uncertainty levels (i.e., 0.02 pixel). Therefore, the estimated stress intensity factors are deemed trustworthy. The mode I stress intensity factors are scattered from K I (a) = 0.11 MPa Despite scattered results, two clear tendencies can be pointed out. First, the mode II stress intensity factors are significantly lower than mode I levels. The mode II stress intensity factors are relatively higher for the SB tests as shown by the values r K = K II ∕K I . It means that the cracking mode is mode I dominant for the three-point flexural tests. This result can be explained by the confinement induced by the use of the metallic beams. Second, the stress intensity factors estimated for both tests are different with averages of K I (a) = 0.21 MPa √ m and K I (b) = 0.55 MPa √ m . This tendency (of finding lower values for the pre-cracking tests) is observed for each sample. It can be explained by the fact that the stress intensity factors identified in three-point flexural tests are associated with crack propagation inception, whereas those determined with SB (pre-cracking) tests correspond to crack arrest. Given the experimental scatter, it is chosen to select a single value K c = 0.21 MPa √ m as a conservative estimate.
Validation of Crack Propagation Modeling
In order to validate the crack propagation threshold introduced in Sect. 2, the results obtained with DIC are compared with those issued from numerical simulations. An SB test is modeled. The DIC results are based on a spatial discretization of 8 × 8 pixel elements ( 1 pixel ≈ 20.7 μm ). The measured displacements on the external boundary of the analyzed area are used as (Dirichlet) boundary conditions of the numerical model. In the present case, the external boundary is a rectangle and the finite element models used in the numerical computations are based on the same mesh used for DIC purposes. With such setting there is no need to model friction between the different beams of the SB test, and realistic boundary conditions are prescribed as measured via DIC. The crack initiation threshold is uniform and considered high enough in the modeled domain, S i = 10 MPa to ensure that crack initiation appears at the right location, which is induced by the displacement loading on the bottom face. The high horizontal displacement gradient due to the initiated crack leads to a loading that induces a very significant local increase in the regularized stress, thereby initiating the crack in the numerical model. To describe crack propagation a fracture toughness of K c = 0.21 MPa √ m is considered (see above).
The horizontal displacement fields measured from an experiment and simulation are shown in Fig. 11 together with the damage field at the end of the numerical computation. The results of the numerical computation are in good agreement with the experimental observations. In both cases the crack length is of the same order. A difference is observed concerning the crack orientation. For the numerical computation, the crack orientation has an angle of 3
• with the vertical axis at initiation. After initiation, the crack propagation direction changes and tends to be inclined by 30
• . For the experimental results, the crack orientation is of 7
• for most of the propagation and tends to turn at the end of the experiments. This difference in terms of orientation is not surprising considering the applied load on the lower boundary. The displacement field used as a boundary condition in the computation does exhibit a significant gradient at the crack base not only for the horizontal value but also for the vertical one leading to a mode II loading of the crack in the 2D simulation. Therefore, it is relevant that the crack tends to be inclined in the simulation.
A major difference between the experiment and the simulation is that the experiment is performed on a 3D sample and that the crack propagation during the experiment is indeed related to a 3D displacement field. The displacement estimated through DIC at the surface could be only partially representative of the 3D displacement field. Therefore, the observed gradient of vertical displacement at the crack base could only concern the vicinity of the surface of the observed specimen, leading to a less inclined crack in the experiment than in the simulation. Moreover, Lower Watrous rock presents a slight elastic anisotropy as most sedimentary rocks. This stiffness anisotropy may also affect the crack propagation orientation.
Conclusions
The fracturing of clay-rich rock samples has been studied in both experimental and numerical ways. The samples have been extracted from the Weyburn site (Canada). An extensive experimental campaign enabled for the identification of elastic parameters thanks to uniaxial compression tests. Weibull parameters were determined via Brazilian and three-point flexural tests. They allow crack initiation to be described in a probabilistic framework. Sandwiched beam and single edge cracked beam tests enabled the toughness at crack arrest and propagation inception to be studied thanks to digital image correlation. The toughness is the key property to analyze crack propagation. Such data are quite unique for this type of rocks.
The capacities of a probabilistic nonlocal damage model to describe crack initiation and propagation are analyzed through the comparison of experimental and numerical results. Each of these mechanisms has been associated with an experimental process. Numerical simulations of Brazilian tests are performed in order to evaluate the numerical model ability to reproduce crack initiation. A consistent description of the tests with a Weibull law shows that initiation is dominant in such situations (i.e., the weakest link hypothesis is satisfied). Simulation of crack propagation in a numerical model loaded with boundary displacements issued from digital image correlation measurements is also performed and yields consistent results in comparison with experiments. The crack length estimation is relevant, and the crack orientation estimation is slightly different from the experiment. To enhance the results, an extensive study of the effect of mixed-mode loading and especially on the effect of mode II loading could be interesting. Further, no scatter in terms of fracture toughness was considered. This may also change the actual path of the crack. Yet, it appears that the numerical model is able to provide a good prediction of crack propagation and especially of its length. However, differences in terms of crack orientation between experiments and simulations are observed. This could be explained by 3D effects that are not considered in the 2D simulations, and elastic anisotropy of the studied rock. 
